CP12 is found almost universally among photosynthetic organisms where it plays a key role in regulation of the Calvin cycle by forming a ternary complex with GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and PRK (phosphoribulokinase). Newly available genomic sequence data for the phylum Cyanobacteria reveals a heretofore unobserved diversity in cyanobacterial CP12 proteins. Cyanobacterial CP12 proteins can be classified into eight different types based on primary structure features. Among these are CP12-CBS (cystathionine-β -synthase) domain fusions. CBS domains are regulatory modules for a wide range of cellular activities; many of these bind adenine nucleotides through a conserved motif that is also present in the CBS domains fused to CP12. In addition, a survey of expression datasets shows that the CP12 paralogs are differentially regulated. Furthermore, modeling of the cyanobacterial CP12 protein variants based on the recently available three-dimensional structure of the canonical cyanobacterial CP12 in complex with GAPDH suggests that some of the newly identified cyanobacterial CP12 types are unlikely to bind to GAPDH. Collectively these data show that, as is becoming increasingly apparent for plant CP12 proteins, the role of CP12 in cyanobacteria is likely more complex than previously appreciated, possibly involving other signals in addition to light. Moreover, our findings substantiate the proposal that this small protein may have multiple roles in photosynthetic organisms.
INTRODUCTION
CP12 is a small (~80 amino acid) protein present in most photosynthetic organisms, including cyanobacteria, diatoms, red and green algae, and higher plants (Pohlmeyer et al. 1996; Wedel and Soll 1998; Oesterhelt et al. 2007; Erales et al. 2008a; Groben et al. 2010) . In eukaryotic organisms CP12 is located in the chloroplast, where the only function thus far identified is in the regulation of the Calvin cycle in response to changes in light availability by reversibly binding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and, subsequently, phosphoribulokinase (PRK) (Wedel et al. 1997; Graciet et al. 2003a; Graciet et al. 2003b; Marri et al. 2005a; Erales et al. 2008b; Howard et al. 2008; Marri et al. 2008; Carmo-Silva et al. 2011 ).
The formation of the GAPDH-PRK-CP12 complex inhibits GAPDH and PRK activity leading to down-regulation of the Calvin cycle; this has been demonstrated in plants, Chlamydomonas reinhardtii and cyanobacteria (Wedel et al. 1997; Graciet et al. 2003b; Marri et al. 2005b; Tamoi et al. 2005) . The GAPDH-PRK-CP12 complex dissociates under reducing conditions mediated by thioredoxin, thereby restoring GAPDH and PRK activity (Lebreton et al. 2003; Marri et al. 2005b; Howard et al. 2008; Marri et al. 2009 ). Erales et al. (2008b) showed that CP12 binds aldolase, another Calvin cycle enzyme, implying involvement of CP12 in additional Calvin cycle regulation. Further studies in higher plants have proposed a role for CP12 outside of Calvin cycle regulation. CP12 is expressed in non-photosynthetic A. thaliana tissues, and anti-sense suppression of tobacco CP12 disrupts a variety of developmental processes (Singh et al. 2008; Howard et al. 2011a; Howard et al. 2011b) . Moreover, higher plant genomes encode up to three forms of CP12, which are differentially expressed, but all have been shown to bind GAPDH and PRK (Singh et al. 2008; Marri et al. 2010) .
In CP12 disulfide bonds between two pairs of cysteine residues create peptide loops. In vitro analysis of Arabidopsis thaliana CP12 mutants has shown that both pairs of redoxregulated cysteine residues are required for ternary complex formation: an N-terminal pair for PRK binding and a C-terminal pair for GAPDH binding (Wedel et al. 1997) . The red alga Galdieria sulphuraria CP12 does not have an N-terminal cysteine pair and, although the GAPDH-PRK-CP12 complex forms, PRK is not completely inactivated (Oesterhelt et al. 2007 ).
In the cyanobacterium Synechococcus elongatus PCC7942 (hereafter S. elongatus) , the Nterminal cysteine pair is not required for PRK binding (Tamoi et al. 2005) . In the green alga C.
reinhardtii, CP12 and GAPDH have complex interactions centered on the cysteine pairs. disulfide bond (Erales et al. 2009a ). CP12 has also been shown to regulate the Calvin cycle in a redox-independent manner, acting as a specific chaperone for GAPDH to prevent thermal inactivation and aggregation (Erales et al. 2009b) . It is oxidized, but not reduced, CP12 that is able to complex with GAPDH and PRK (Graciet et al. 2003b; Marri et al. 2009b ). Oxidized CP12 is composed of helix and coil segments and is flexible, whereas reduced CP12 is unstructured (Graciet et al. 2003a) . Interestingly, the bulk of CP12's primary structure fits the criteria for intrinsically disordered proteins (IDP). IDPs are conformationally very flexible, which allows tight regulatory control of important processes, including the cell cycle, and transcriptional and translational regulation (Wright and Dyson 1999; Tompa 2002) . Likewise, IDPs have been shown to "moonlight", assuming multiple conformations upon binding their partners, leading to distinct or even opposing actions (Tompa et al. 2005 ).
The importance of CP12 in cyanobacteria was demonstrated by analysis of a S. elongatus insertion mutant which showed that, under both light and dark conditions, the formation of the GAPDH-PRK-CP12 ternary complex regulated the activities of both enzymes and thus carbon flow from the Calvin cycle to the oxidative pentose phosphate cycle (Tamoi et al. 2005 ). More recently, it was shown that cyanophages of the marine picoplanktonic cyanobacteria genera Synechococcus and Prochlorococcus encode and express a CP12 protein similar to that of their hosts (Thompson et al. 2011) . Cyanophage CP12 expression results in decreased Calvin cycle activity in infected hosts, leading to an increased level of NADPH; this is proposed to fuel the phage ribonucleotide reductase for production of phage nucleotides. Together, these data underscore the key role of CP12 in the regulation of the Calvin cycle in both redox-dependent and -independent mechanisms in cyanobacteria.
Recently, structures have been determined of both the S. elongatus and A. thaliana CP12 in complex with GAPDH (Matsumura et al. 2011; Femarni et al. 2012) . These structures provide unprecedented detail of the intermolecular interactions between CP12 and GAPDH and suggest how PRK may be recruited to the complex. The C-terminal domain of CP12 (residues 53-75 of the S. elongatus CP12) inserts into the active site of GAPDH, while the N-terminus of CP12 (residues 1-52) remains disordered in the CP12-GAPDH complex and, presumably, interacts with PRK. In S. elongatus, CP12 binding to GAPDH creates a patch of negative charge on the binary complex that is proposed to electrostatically attract positive charges on PRK (Matsumura et al. 2011 ). However, this may be a feature specific to cyanobacterial CP12 because this negatively charged patch is not present in the A. thaliana structure (Fermani et al.
All cyanobacterial genomes sequenced to-date (75 publically available) contain at least one gene encoding a CP12 or CP12-like protein (except Cyanobacterium sp. . Recently, the amount of sequence data available for cyanobacteria more than doubled as a result of the CyanoGEBA project (Submitted data Shih PM, Wu D, Latifi A, Axen SD, Fewer DP, Talla E, Calteau A, Cai F, de Marsac T, Rippka R, Herdman M, Sivonen K, Coursin T, Laurent T, Goodwin L, Nolan M, Davenport KW, Han CS, Rubin EM, Eisen JA, Woyke T, Gugger M, Kerfeld CA). We report here on the bioinformatic analysis of a large number of newly available cyanobacterial genome sequences, including members of Subsections II and V that previously had no sequenced representatives. This analysis has identified a previously unknown diversity of CP12 homologs among cyanobacteria indicating a diversity of roles for these proteins, including possibly some outside the Calvin cycle.
RESULTS

Classification of Cyanobacterial CP12 Types and Comparison of Primary Structure
A bioinformatic analysis of 126 cyanobacterial genomes representing the five morphological subsections revealed that all but UCYN-A and Moorea producta 3L contained between one and five CP12 paralogs. A total of 274 CP12 genes were identified (Table S1 ).
They were subdivided into eight groups based on key primary structural features: the N-terminal cysteine pair, the C-terminal cysteine pair, a core "AWD_VEEL" sequence, and an N-terminal CBS domain fusion (Fig. 1) . Of the 274 cyanobacterial sequences analyzed, 120 resemble the canonical higher plant-like CP-12 (CP12-N/C; Fig This core sequence is implicated in GAPDH binding by trypsin-protection experiments (Lebreton et al. 2006) ; however, this region of CP12 is not visible in the electron density of either of the CP12-GAPDH structures (Matsumura et al. 2011; Fermani et al. 2012) . Additionally, the Nterminal Gly24, Ser27, and His46, and C-terminal Pro65 residues are strongly conserved among all CP12 homologs (including those from eukaryotes), while the Gln41 and Phe57 residues following the "AWD_VEEL" sequence that have previously been noted as specific to cyanobacteria (Groben et al. 2010) are not strongly conserved among all cyanobacterial variants (Fig 2A) .
In contrast to any known plant or algal CP12 homologs, a large (92) subset of cyanobacterial CP12 homologs have a CBS domain fused to the N-terminus (Figs 1 and 2A ).
These make up three additional classes of cyanobacterial CP12-like proteins: CP12-N/C-CBS (14 sequences), CP12-N-CBS (55 sequences), CP12-0-CBS (23 sequences). One of the CP12-N-CBS proteins was previously described as an ORF4/CP12 fusion in Anabaena variabilis (Pohlmeyer et al. 1996; Masepohl et al. 1997) . As discussed below, CBS domains are typically associated with regulatory functions and are found in all phylogenetic domains of life (Bateman 1997).
Phylogenetic Distribution of CP12 Types
Phylogenetic analysis of the eight different CP12 types revealed that the distribution of any individual variant differs among cyanobacterial genomes ( The remaining cyanobacterial CP12 types are present in clusters of varying sizes. The lack of clustering of the CP12 variants from any one genome suggests that the duplication, divergence, and fusion events that gave rise to the different types are very ancient. Recent duplication events are rare but do seem to have occurred in cases where a genome contains more than one copy of a CP12 type (for example, the two CP12-N-CBS of Cyanothece sp.
ATCC 51472 appear to be the result of a recent duplication (Fig. S2) ).
The Predicted Intrinsic Disorder of the Cyanobacterial CP12 Proteins
The majority of CP12 proteins from all photosynthetic organisms are predicted to be more than 50% disordered, with a few exceptions found in land plants (Marri et al. 2008) . A PONDR VL-XT analysis of the CP12 proteins from five representative cyanobacterial genomes predicted the expected high level of disorder (ranging from 57.53% to 80.52%) particularly in the N-terminus of CP12-0, CP12-C, CP12-N and CP12-N/C proteins (Table II, Fig. S1 ). CP12-C(M) displayed the same pattern of highest disorder at the N-terminus but the overall predicted disorder was somewhat lower at 43%. The CP12 domain of the CP12-CBS fusion proteins is also predicted to be generally less disordered than CP12 proteins lacking the fusion, ranging from 40.51% to 61.90%.
The Cyanobacterial CP12 Variants in the Context of the CP12-GAPDH Structure
By a combination of sequence comparison and homology modeling using the coordinates of the S. elongatus CP12-C model from the crystal structure as a template, we evaluated the potential of the different cyanobacterial CP12 types to form a complex with their cognate GAPDH, coordinate copper and bind NAD (Matsumura et al. 2011 ; PDB 3B1J).
Two types of GAPDH are present in cyanobacteria: type 1 contains the residues identified by Matsumura et al. 2011 as being important for CP12 binding (Thr37, Ser38, Asp39, Arg80, His182, Arg189, Ser194, His195, Arg196 and the copper-interacting Cys155, Thr156, His182). A second type (type 2) of GAPDH is also found in cyanobacteria; this paralog contains the copper-interacting residues, but not the other CP12-binding residues. Each cyanobacterial genome encodes one copy of type 1 GAPDH and one or two copies of type 2 with two exceptions: Cyanothece sp. BH68, ATCC 51142 has two type 2 GAPDHs (without the CP12 binding residues) and no type 1 GAPDH and Acaryochloris sp CCMEE 5410 has two of each GAPDH paralog. There is no apparent correlation between the number of CP12 variants and GAPDH type or copy number within a given genome.
Homology models for all of the cyanobacterial CP12 variants and the corresponding (i.e. from the same organism) type1 GAPDH were built, except for CP12-0-CBS (the low sequence homology between it and the template precluded construction of a homology model). Interprotein interactions between the CP12 variant and GAPDH models were examined (Fig. 3) . GAPDH, copper and NAD+ (Tyr 73, Asp74, Asp75; Table I ). Homology models of representatives of each of these types show some conformational variation in the disposition of this three-residue C-terminal loop relative to the solved structure (Fig. 3) . At the level of primary structure, Asp74 and Asp75 are conserved, with a Glu occasionally substituted among some variants ( Fig. 2A) . The position of Tyr73 is the most disparate among the models, but flexibility in the C-terminal loop would likely accommodate positioning compatible with the Tyr73 and Asp75 NAD and copper interaction. However, modeling with S. elongatus' other CP12 paralog, a CP12-N/C, shows substantial differences in the interaction of the C-terminus with GAPDH:
Tyr73 clashes with GAPDH Glu185, and Asp75 is replaced by a Val, suggesting that this paralog interacts with GAPDH very differently or not at all. CP12-N, CP12-0 and CP12-N-CBS lack the C-terminal cysteine pair ( Fig. 2A ) and therefore the disulfide bond pinning the alpha helix (the ordered section of CP12), in place. In addition, these variants are missing at least one key interacting C-terminus residue, with the negative Asp75 most often replaced by a neutral Val ( Fig. 2A) . Homology modeling shows that Tyr73 in both CP12-0 and CP12-N-CBS sterically clashes with GAPDH (both at Glu187).
Additionally, CP12-N-CBS Leu75 clashes with GAPDH Thr213 (Fig. 3) . For CP12-N, two residues clash with GAPDH: CP12-N Tyr73 and GAPDH Arg189, and CP12-N Arg71 and GAPDH Leu186.
DISCUSSION
This study has revealed a previously unknown range of variation among cyanobacterial CP12 proteins. These data provide strong evidence for a more diverse regulatory role for CP12 and CP12-like proteins in cyanobacteria -in either input signal or output activity -than previously thought. Direct support for this comes from analysis of a S. elongatus CP12-C knockout mutant that showed inhibited growth under dark/light conditions (Tamoi et al. 2005) , suggesting that the CP12 variant (CP12-N/C) present in this organism could not compensate for the loss of CP12-C.
Consistent with the growing evidence for a multiplicity of roles for CP12, a survey of numerous expression studies indicates that the CP12 variants we have identified here are differentially expressed in cyanobacteria (Table S2 ). For example, the two S. elongatus CP12 proteins, CP12-C and CP12-N/C, in addition to differences in potential interaction with GAPDH (Fig. 3) show differences in overall expression under constant light and in response to a shift from high to low atmospheric CO 2 (Vijayan et al. 2011; Scharwz et al. 2011) . In Synechocystis PCC6803, CP12-C expression is upregulated under sulfate deprivation and osmotic stress conditions and down-regulated in high light (Table S2; at three-fold the rate of wildtype under light conditions, and its CP12-N/C-CBS accumulates at a six-fold high rate than wild type under light conditions and three-fold lower rate in the dark (Zilliges et al. 2011 ). This study also shows that microcystin plays a role in resistance to oxidative stress, possibly in conjunction with CP12. In higher plants, the expression of the CP12-3 like variant is increased under hypoxic conditions and this may indicate a role for this form of the protein in mediating the shift in metabolism from aerobic to anaerobic (Singh et al. 2008) . A microarray analysis of CP12 antisense plants revealed that in roots the most strongly induced genes were those shown to be involved in hypoxia responses in plants (Liu et al. 2005; Howard et al. 2011a ).
Evidence of differential Interaction of Cyanobacterial CP12 Variants GAPDH and PRK
Previous analysis has shown that the C-terminal loop of CP12 is critical for the interaction with GAPDH (Matsumura et al. 2011; Erales et al. 2011; Fermani et al. 2012) . Glu69 is thought to be important in interactions with PRK, GAPDH and NAD and is particularly well conserved among cyanobacterial CP12 proteins (Matsumura et al. 2011 ). Tyr73, which also interacts with NAD, is conserved among cyanobacterial CP12 variants while Leu71 is not (Fig.   3 ). Asp75 is conserved in CP12-N/C, CP12-N, CP12-C(M), and CP12-N/C-CBS (Fig. 3) . The presence of the copper-interacting residue in variants with the C-terminal cysteine pairs is consistent with the proposal that copper binding catalyzes the formation of the disulfide bonds (Delobel et al. 2005; Erales et al. 2009c) . In contrast, the copper-interacting Asp75 is replaced by Leu (CP12-N-CBS) or by a Val (CP12-0) in CP12 types that do not contain the C-terminal cysteine pair. Collectively, our survey of residue conservation (Fig. 2 ) and homology modeling (Fig. 3) suggests that cyanobacterial CP12-C, CP12-C(M), CP12-N/C and CP12-N/C-CBS could likely bind GAPDH. However, it is unlikely that CP12-0, CP12-N, CP12-N-CBS and CP12-0-CBS are able to bind GAPDH, in part because the structure of each of these may be significantly different from that of the canonical CP12 due to the lack of the disulfide bond that orients the helical segment (Fig. 1, Fig. 2 In contrast to GAPDH, identifying PRK paralogs in cyanobacterial genomes is difficult.
PRK is very similar to another enzyme, uridine kinase, and annotations, COG and pfam assignments frequently contradict one another, suggesting that such computational-based functional assignments for this gene product are unreliable. However, it is clear that among the CP12 variants, the N-terminus, which has been shown to interact with PRK (Groben et al. 2010) , is overall less conserved than the GAPDH-interacting C-terminus (Fig. 2A) . The CP12-N/C group contains a conserved N-terminal segment preceding N-terminal cysteine pair that is not found in the other cyanobacterial CP12 types (Fig. 2A) . The function of the N-terminus is elusive and the N-terminal cysteine pair is not essential for PRK binding in S. elongatus (Tamoi et al. 2005 ).
When CP12 is bound to GAPDH, five acidic residues face outward, creating a patch of negative charge proposed to interact with positively charged residues in PRK (Matsumura et al.
2011
). Among the CP12 variants identified here, four of the negatively charged residues are conserved; the fifth, Asp54, is frequently replaced by a Lys in CP12-N/C and in all three CP12-CBS variants ( Fig. 2A) . Changing this final position of the helix from a negative to positively charged residue will reduce the strength of the negatively charged patch posited to interact with PRK. The prevalence of this substitution across the CP12-CBS fusion variants suggests that these proteins have a role other than formation of a CP12-GAPDH-PRK complex.
The Role of the CP12-Associated CBS Domain Pair
An additional layer of complexity in the regulatory role of CP12 proteins is evident from the widespread occurrence of the three types of CP12-CBS domain fusions. Each type contains a single CBS domain. CBS domains are regulatory modules usually in two or four tandem copies per protein. They are found in functionally diverse proteins across all kingdoms of life including channel proteins, kinases, signal transduction proteins, and membrane proteins (Bateman 1997). The cyanobacterial genomes that contain the CP12-CBS fusions tend to be enriched in CBS domains (Table IV often form homodimers, with two CBS domain pairs assembling into a CBS module with a total of four CBS domains (Baykov et al. 2011) . A key question raised by our observations is whether the CP12 CBS domain facilitates homodimerization of two CP12-CBS proteins, or whether the CBS domain in a given CP12 dimerizes with a CBS domain found on some other protein. The CBS domains found in the three CP12 variants are present in single copies at the N-terminus and share high degree of similarity, with a typical pairwise alignment between their CBS domains being 70 to 75% identical. In order to identify prospective interaction partners (besides via homodimerization) for the CP12-associated CBS domains, phylogenetic profiling was used to search for genes conserved specifically among the subset of cyanobacterial genomes containing a CP12-CBS domain fusion. No candidate genes could be identified that were restricted to genomes containing CP12-0-CBS, CP12-N-CBS, CP12-N/C-CBS or any combination of the three types. Searching any one genome using the CBS domain sequence from a CBS-CP12 fusion encoded in that genome finds the most significant non-CP12 CBS hit to be a predicted signal transduction protein annotated as insine-5-monophosphate et al. 1998; McLean et al. 2004; Scott et al. 2004; Sharpe et al. 2008; Hattori et al. 2007; Hattori et al. 2009; Aguado-Llera et al. 2010; Feng et al. 2010) of thioredoxins in the ferredoxin-thioredoxin system and that binding AMP in the chloroplast increases this activation, thereby enabling these molecules to exert a regulatory effect on both the Calvin cycle and H 2 O 2 levels (Yoo et al. 2011) . This is interesting because, as in higher plants, the formation and breakdown of the PRK-GAPDH complex is mediated by the redox state of CP12, which is in turned mediated by thioredoxin (Howard et al. 2008; Marri et al. 2009 ).
Higher plants contain a CP12-GAPDH fusion; the fused GAPDH subunit is known as GapB. The C-terminal extension (CTE) of GapB consists of the GAPDH-binding module of CP12 (~30 residues from the C-terminal half of CP12), including the C-terminal cysteine pair.
All cyanobacteria, algae and plants contain GAPDH composed of four GapA subunits, but in higher plants an A2B2 heterotetramer, composed of two GapA and two GapB subunits, is the major chloroplast form of GAPDH (Petersen et al. 2006; Howard et al. 2011b , Howard et al. 2011c ). GapA and GapB form complexes in response to light, with the CTE playing the regulatory role of CP12 (Wedel and Soll 1998; Scheibe et al. 2002; Trost et al. 2006) . Outside of the Streptophyta, GapB has only been found in the green alga Ostreococcus: the Ostreococcus genome does not encode any other CP12, suggesting that the CTE function can replace CP12 redox-regulated activity (Robbens et al. 2007) .
CONCLUSION
This study has revealed an unexpected diversity in cyanobacterial CP12 proteins; they can be classified into 8 distinct types based on primary structural features. The presence of CBS domain fusions as well as variation in the distribution of key structural features and in expression patterns among these types, suggest a heretofore unknown layer of regulatory complexity in CP12 function. The CP12-CBS domain fusions in cyanobacteria functionally connect CBS domains and CP12. This finding raises the question of whether CBS proteins in plants, together with CP12, play a redox relay type role acting as metabolic switches. In cyanobacteria the diversity of CP12 proteins and the CBS-CP12 fusions may have evolved to cope with the need to trigger different metabolic processes in response to rapidly fluctuating environments. Perhaps as in other intrinsically disordered proteins (Tompa et al. 2005 ), some CP12 variants may "moonlight," interacting with multiple proteins in different conformations for multiple functions.
MATERIALS AND METHODS
Bioinformatics
The Function Search tool in IMG ER (http://img.jgi.doe.gov) was used to survey all available cyanobacterial genomes for the CP12 pfam (pfam02672). The "blastp" program at the National Center for Biotechnology website (Altschul et al. 1990; Altschul et al. 1997;  http://www.ncbi.nlm.nih.gov/), was also used to verify the results, using the Synechococcus PCC6801 and Synechococcus PCC7942 CP12 amino acid sequences as queries.
All CP12 amino acid sequences were aligned using the MUltiple Sequence Comparison The PONDR (Predictor of Naturally Disordered Proteins) server (Romero et al. 1997; Li et al. 1999 , Romero et al. 2001 www.pondr.com) was used to predict the degree of disorder in the following CP12 proteins: geneOID 2509710708, 2509434278, 2508607866, 2509434317, 2509434904, 2503740304, 637231127, 2509436117, 637231794, 650129895, and 650131651 ( Table S1 ).
The CP12 CBS domain consensus sequence was obtained from loading the MUSCLE alignment of all cyanobacterial CP12 sequences into JalView (Waterhouse et al. 2009 ). This consensus sequence was used as a query to search the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) (www.pdb.org; Berman et al. 2000) . The CP12 CBS domain consensus sequence was entered into the "blastp" program at the National Center for Biotechnology website (http://www.ncbi.nlm.nih.gov/), searching the non-redundant protein database excluding cyanobacterial genomes (Altschul et al. 1990; Altschul et al. 1997 Phylogenetic profiles were constructed using the "Phylogenetic Profiler: Single Gene" function in IMG ER (http://img.jgi.doe.gov). Searches were conducted for genes unique to cyanobacterial genomes possessing all three variants of CP12-CBS fusion proteins, any two variants of CP12-CBS fusion proteins, or any single variant of CP12-CBS fusion protein.
Cyanobacterial GAPDH and PRK sequences were obtained by using the Synechococcus PCC7942 GAPDH and PRK amino acid sequences as queries in the IMG BLAST tool in IMG ER (http://img.jgi.doe.gov; Table S3 ). The Function Search tool in IMG ER was also used to search for the GAPDH COG0057.
A phylogenetic tree was constructed of all cyanobacterial CP12s by loading the core CP12 section of the MUSCLE alignment (the final 84 amino acids) into the "A la carte" analysis on at www.phylogeny.fr (Dereeper et al. 2008; Dereeper et al. 2010) . The alignment was curated to remove positions with gaps, and a maximum likelihood tree was constructed by PhyML. The tree generated was visualized using the Interactive Tree of Life (http://itol.embl. 
Structural Comparisons
ESyPred3D Web Server 1.0 (http://www.fundp.ac.be) was used to create homology models of the following proteins using PDB 3B1J_C as a template: geneOID 641611274, 641610209, 637231127, 637231794, 637231269, 637798767, 2509508362, 2508607866, 2504134271, 637448241 (Lambert et al. 2009 ; Table S1 ). PDB 2QH1_A was used as a template to create a homology model of 2509508362. Homology models were visualized using
The PyMOL Molecular Graphics System, Version 1.5.0. 
